One component of host defense at mucosal surfaces seems to be epithelium-derived antimicrobial peptides. Antimicrobial peptides are classified on the basis of their structure and amino acid motifs. Peptides of the defensin, cathelicidin, and histatin classes are found in humans. In the airways, α-defensins and the cathelicidin LL-37/hCAP-18 originate from neutrophils. β-Defensins and LL-37/hCAP-18 are produced by the respiratory epithelium and the alveolar macrophage and secreted into the airway surface fluid. Beside their direct antimicrobial function, antimicrobial peptides have multiple roles as mediators of inflammation with effects on epithelial and inflammatory cells, influencing such diverse processes as proliferation, immune induction, wound healing, cytokine release, chemotaxis, protease-antiprotease balance, and redox homeostasis. Further, antimicrobial peptides qualify as prototypes of innovative drugs that might be used as antibiotics, antilipopolysaccharide drugs, or modifiers of inflammation. 
Introduction
The survival of a multicellular organism in a world laden with microorganisms depends on a network of host defense mechanisms, involving several levels of interacting systems. The initial contact of pathogenic microorganisms with the host usually takes place at inner or outer body surfaces. The surface of the airways is a primary site for the deposition and introduction of microorganisms, mainly through inspired air. Several possible consequences result from the contact of microorganisms with host tissue:
1. The invading microorganisms are eliminated by innate host defense mechanisms without an inflammatory response or the activation of adaptive immunity. This normally happens in the lower respiratory tract and occurs within a short time. 2. The microbe outgrows the innate host defense. As a consequence, effector mechanisms of the innate immune system are upregulated and have direct antimicrobial activity and mediator function to attract inflammatory cells and cells of the adaptive immune system.
These mechanisms finally result in the elimination of the microorganisms. In this scenario, the innate host defense keeps the doubling time of the microorganisms long enough to avoid an overwhelming of the immune system. 3. The microorganism outgrows innate and adaptive immunity. Together with a strong inflammatory response this situation leads to the death of the host. 4. Microorganisms with specific physiological adaptations can colonize the airways for a long time. In this case the activities of the immune system are insufficient to eliminate the invader.
Recent studies have shown that antimicrobial peptides are expressed in human airways and are involved in the host defense. Antimicrobial peptides are effector molecules of innate immunity with direct antimicrobial and mediator function. They have an important role in all scenarios described above by providing an initial host defense mechanism. It is the aim of this review article to describe antimicrobial peptides as an endogenous part of the innate immune system, to summarize the structures of their genes and peptide molecules and to comment on their role in health and disease.
Antimicrobial peptides as effector substances of the innate immune system
A first line of defense against pathogenic insult is called the innate immune system, which is followed by acquired immune responses associated with the activation of T and B cells aimed against specific antigens [1,2 • ]. In contrast to the clonal, acquired adaptive immunity, endogenous peptide antibiotics provide a fast and energy-effective mechanism as front-line defense. In the respiratory tract, the innate defense system of the host is complemented by several other mechanisms to protect the airways and the lung parenchyma from colonization and infection (Fig. 1) 
Basic biology of antimicrobial peptides

Families of human antimicrobial peptides
Most antimicrobial peptides are cationic (polar) molecules with spatially separated hydrophobic and charged regions. These structural hallmarks are important for the proposed mechanisms of action of peptide antibiotics (see below). Beside these characteristics, antimicrobial peptides of various families differ in size, amino acid sequence and certain structural motifs (Fig. 2) . Antimicrobial peptides are gene-encoded, meaning that one gene codes for one peptide. Families of antimicrobial peptide genes are located in clustered arrangements in the genome and map to syntenic chromosomal regions in different mammalian species, providing clues about the evolutionary development of this host defense system. The primary translational product is a prepropeptide consisting of an N-terminal signal sequence for targeting of the endoplasmic reticulum, a pro segment, and a C-terminal cationic peptide that has antimicrobial activity after cleavage (Fig. 3) . The pro segment is often anionic in charge and might have several biological functions including the correct folding of the C-terminus, intracellular trafficking, or the inhibition of the Antimicrobial peptides are stored as propeptides or mature C-terminal peptides. In addition to positively charged antimicrobial peptides, peptide antibiotics with a negative charge at neutral pH have also been identified [6] . These peptides seem to originate as cleavage products from larger proteins and are beyond the scope of this review. Antimicrobial peptides can be grouped according to their size, conformational structure, or predominant amino acid structure. On the basis of their gross composition and three-dimensional structure, peptide antibiotics are divided into three main classes ( Fig. 2) : group I, linear, α-helical peptides without cysteines, for instance cecropins from pig, magainins from frogs, LL-37/hCAP-18 from human; group II, peptides with an even number of cysteine residues linked by disulfide bridges, for instance defensins from mammals, protegrins (porcine cathelicidins); and group III, peptides with an unusually high proportion of one or two amino acids, for instance PR-39 from pig leukocytes.
On the basis of structural homology motifs, a different classification of families of antimicrobial peptides can Classification of antimicrobial peptides based on motifs in the amino acid sequence similar to that described by Boman [63] . Antimicrobial peptides could also be grouped according to other principles. LL-37 and PR-39 belong to the cathelicidin family on the basis of their homologous propeptide. rTD-1 = rhesus monkey θ-defensin 1; PR-39 = cathelicidin from pig. Human β-defensin 3 (hBD-3) was identified by using bioinformatic screening procedures to search human chromosome 8p23 for the presence of sequence motifs typical of β-defensin (R Bals, unpublished data).
be generated that reflects relationships between family members. In humans, peptide antibiotics of three families have been identified: the defensins, cathelicidins, and histatins.
Defensins
Mammalian defensins are cationic, relatively arginine-rich nonglycosylated peptides with a molecular mass of 3.5-4.5 kDa and contain six cysteine residues that form three characteristic intramolecular disulfide bridges [7] . According to the spacing of the cysteines, the alignment of the disulfide bridges, and the overall molecular structure, defensins can be divided into three classes: α-defensins, β-defensins, and θ-defensins.
α-Defensins. α-Defensins are 29-35 residues in length, contain three disulfide bridges in a 1-6, 2-4, 3-5 alignment, and reveal a triple-stranded β sheet structure with a β hairpin that contains cationic amino acids ( The genes encoding α-defensins and β-defensins are located in a cluster on chromosome 8p23 [11] . The gene for HNP-2 has not been found at this location, indicating that HNP-2 is a proteolytic product of HNP-1 or HNP-3. α-defensins are produced as prepropeptides ( Structure of prototypical genes and peptides of the defensin and cathelicidin families. Both gene types have several exons whose primary translational product is a prepropeptide. The C-terminus is the part of the molecules that contains antimicrobial activity. The genes are represented schematically with the following individual components: 5′ untranslated region (5′ UTR), white box; signal sequence, shaded box; prosequence, black box; mature peptide, hatched box; 3′ UTR, white box.
antimicrobial peptide (TAP), which contains six cysteine residues connected by three disulfide bridges but spaced differently from those in α-defensins. This new family of antimicrobial peptides was therefore named β-defensins; they are 36-42 residues in length, possess a disulfide alignment of 1-5, 2-4, 3-6, and have been isolated from several species (Fig. 2) . In contrast to hBD-2, which has been detected only in its 41-residue form, hBD-1 has been detected in urine in multiple forms ranging from 36 to 47 residues in length [18] . The genes encoding β-defensins are localized in the same chromosomal region as the α-defensins. The gene for hBD-1 is separated from that for HNP-1 by about 100-150 kilobases [11] . The processing of β-defensins is probably similar to that of α-defensins; however, no detailed analysis has yet been published.
θ-Defensins. Recently a novel class of defensins has been isolated from rhesus monkey neutrophils and named θ-defensins for their circular molecular structure (Fig. 2) [22 •• ]. The peptide rhesus θ-defensin-1 is produced by the post-translational ligation of two truncated α-defensins and demonstrates salt-independent antimicrobial activity. Levels of these peptides in the airways have not been determined. No data about the presence of these molecules in the airways are available at this time.
Cathelicidins
Peptide antibiotics of the cathelicidin family contain a highly conserved signal sequence and pro-region ('cathelin' = cathepsin L inhibitor) but show substantial heterogeneity in the C-terminal domain encoding the mature peptide, which can range in size from 12 to 80 or more amino acid residues [23] (Figs 2 and 3) . The only human cathelicidin, LL-37/hCAP-18, was isolated from human bone marrow [24] [25] [26] . LL-37/hCAP-18 is expressed in myeloid cells where it resides in granules but is also found in inflamed skin. LL-37/hCAP-18 has been found to be regulated by inflammatory stimuli [27] . In the airways, the peptide is produced by the same cell types as the β-defensins and is secreted into the ASF [28 • ]. Additionally, LL-37 originates from neutrophils that have invaded the airways. LL-37 has been detected in tissue-culture supernatants of respiratory epithelial cells as well as in lung washings from patients [28 • ,29] . At present no details are known about the processing of LL-37/hCAP-18 in epithelial cells. In neutrophils, where LL-37/hCAP-18 is localized to specific granules, the peptide is stored in its propeptide form and cleaved during secretion, probably by the activity of an elastase (Fig. 3) . Beside its antimicrobial activity, LL-37 binds and neutralizes LPS and protects against endotoxic shock in a murine model of septicemia [30] . The gene encoding LL-37/hCAP-18 consists of four exons and is localized on chromosome 3.
Histatins
Histatins are a family of histidine-rich peptides present in human saliva (Fig. 2 ) [31] [32] [33] . Their presence in airway secretions has not been investigated. The primary structures of the major family members (histatins 1 and 3) has been determined and revealed lengths of 38 and 32 amino acid residues. Smaller members of the histatin family, including histatin 5 (24 residues), originate from histatin 1 and 3 by post-translational processing. The genes that encode histatins 1 and 3 consist of several exons and have been mapped to human chromosome 4q13. The antimicrobial activity includes especially strong antifungal effects.
Gene regulation
Because peptide antibiotics are host defense substances with antimicrobial activity as well as a mediator function, their expression is tightly regulated. The regulation of antimicrobial peptides has been described in detail for murine, human, and bovine molecules. The expression of hBD-1 has been found to be constitutive [20, 34] . In contrast, hBD-2 expression has been detected to be upregulated by infectious and inflammatory stimuli in cell cultures as well as in human studies. In human material, hBD-2 transcripts and peptide levels in the airways were upregulated during infection [35] . In cell culture experiments, hBD-2 expression was stimulated by interleukin (IL)-1α, IL-1β, tumor necrosis factor-α, microorganisms (Gram-positive and Gram-negative bacteria, and Candida albicans), and LPS [20, 34, 36] . These results are consistent with the detection of a consensus NF-κB binding site upstream of the hBD-2 gene. In addition, the expression of LL-37/hCAP-18 has been reported to be upregulated in inflamed skin [27] , where the peptide is colocalized with IL-6 [37] . The gene encoding LL-37/hCAP-18 contains several potential binding sites for transcription factors [acute-phase response factor and nuclear factor for IL-6 expression (NF IL-6)] that are possibly involved in the regulation of gene expression.
The mechanism of induction of the antimicrobial peptide and the nature of the corresponding receptors and signalling pathways are speculative at present. Airway epithelial cells express several molecules that qualify as receptors to detect infection or inflammation (reviewed in [38] ). It has been shown that these cells synthesize the receptor panel to detect bacterial LPS, including CD14 and Toll-like receptors 1-9 ( [39] , and R Bals, unpublished data). Intracellular signalling probably includes NF-κB, NF IL-6, and JAK/STAT pathways. The airway epithelium is an immune organ with the capabilities of detecting microorganisms and inducing an inflammatory and host defense response, including the secretion of antimicrobial peptides as effector molecules. Antimicrobial peptides of the respiratory tract might be induced by different stimuli and signalling pathways, and could have different functions as effector molecules. This concept of a large family of antimicrobial peptides with differential functions against diverse classes of microorganisms has been demonstrated for the host defense system of Drosophila [40] and should also be applicable to humans.
Activities of antimicrobial peptides
The antimicrobial activity of peptide antibiotics was deduced from tests in vitro assaying purified substances against microorganisms. Antimicrobial peptides, including defensins, cathelicidins and histatins, have a broad spectrum of activity against Gram-positive and Gram-negative bacteria as well as against fungi and enveloped viruses. The minimal inhibitory concentrations of the peptides are in the range 0.1-100 µg/ml. Antimicrobial peptides show synergistic activity with other host defense molecules such as lysozyme and lactoferrin. The microbicidal activity of defensins stems from the permeabilization of anionic lipid bilayers and the subsequent release of cellular contents and the destruction of the membrane's electrode potential (Fig. 4) .
The first step of the interaction between the cationic peptide and the anionic microbial cell membrane is thought to involve electrostatic attraction, which is inhibited by high concentrations of salt in the solution. The second step is the permeabilization of the membrane. One mechanism of permeabilization is thought to involve the formation of ion pores. The existence of pores, their dimensions and electrical properties have been described for model bilayers and various cell types [41, 42] . A second model, the so called 'carpet' model, has been proposed for magainins, cecropine (antimicrobial peptides from frog and pig, respectively), and hBD-2 [43] and describes the aggregation of peptides into positively charged patches of the membrane [44] , resulting in the formation of transient gaps. Additionally, defensin-related cell death has been related to interference with protein synthesis or DNA damage.
Functional studies on antimicrobial activity have primarily been restricted to experiments in vitro with purified components. In fact, the evidence that defensins actually contribute to innate immunity in vivo is largely indirect. Evidence for the host defense function of antimicrobial peptides came from the above-mentioned study involving MMP7 knockout mice with an increased susceptibility for infections, which was probably due to the defective cleavage of α-defensins in the small intestine [12 • ]. In addition to their antimicrobial activity, defensins and cathelicidins can bind to lipopolysaccharide and inactivate the biological functions of this endotoxin. Bacterial resistance to antimicrobial peptides is a rare phenomenon. Mechanisms that result in the development of resistance involve modifications of outer cell wall components, such as lipopolysaccharide [45] , teichoic acids [46] , or phosphocholine [47] , and the modulation of efflux pumps [48] .
Beside their role as endogenous antibiotics, antimicrobial peptides have functions in inflammation, wound repair, and regulation of the adaptive immune system (Fig. 4) . Human neutrophil defensins have been described as being cytotoxic to various cell types [49 • ], as inducing cytokine synthesis in airway epithelial cells [50] , monocytes [51] , and T lymphocytes [52] , as increasing the release of SLPI from respiratory epithelial cells [53] , and as decreasing intracellular glutathione concentration [54] . Further, they increase the binding of bacteria to epithelial cells [55] and induce the liberation of histamine from mast cells. Finally, α-defensins are involved in the chemotaxis of monocytes and T cells [56] , the modulation of cell proliferation and an antibody response, and the inhibition of complement activation, of fibrinolysis and of the activity of serpin family members (reviewed in [57] ). The human β-defensins have recently been identified as potent ligands for the chemokine receptor CCR6 that is present on dendritic and T cells, therefore providing a link between innate and adaptive immunity [58 • ].
Role of antimicrobial peptides in health and disease
Host defense function
On 
Role of antimicrobial peptides in inflammatory lung diseases
The story of cystic fibrosis (CF) research over the past decade has provided important lessons about the relation between a defect in an ion channel and a breach of the host defense system of the airways. An obvious defect of the host defense system of the respiratory tract is evident from clinical studies and was evaluated in several models in vitro or ex vivo [17 •• ,59 •• ]. The link between the defect in ion transport and decreased host defense is less obvious and remains speculative at present (reviewed in [60] ). Antimicrobial peptides might have a role in this pathogenesis, either by being inactivated by increased salt concentration in secretions of CF airways or by being absent from the ASF owing to alteration of the secretory apparatus caused by the dysfunctional CF transmembrane conductance regulator (CFTR).
Beside their host defense function during infections, the proinflammatory activity of antimicrobial peptides is likely to have negative consequences too. In CF patients, high concentrations of α-defensins in lung washings have been detected that are in the range of cytotoxicity [13] . Chronic obstructive pulmonary disease (COPD) and other inflammatory lung diseases such as pulmonary fibrosis, α 1 -antitrypsin deficiency, acute respiratory distress syndrome, or diffuse panbronchiolitis are often associated with the release of antimicrobial peptides and inflammatory mediators from neutrophils and other cell types.
On the basis of the activities of antimicrobial peptides, it is obvious that these substances affect the inflammatory process (Fig. 4) . Owing to the lack of detailed knowledge of their functional spectrum in vivo, it is hard to decide which peptide antibiotic in which concentration results in a proinflammatory or anti-inflammatory activity. On the one hand, defensins attract inflammatory cells such as neutrophils, B-cells, and macrophages, and activate these and other cell types, including epithelial cells. They liberate inflammatory mediators such as IL-8, interferon-γ, IL-6, IL-10, and LTB4. Defensins might lead to an imbalance of the redox system by reducing glutathione levels in epithelial airway cells and might disturb the protease-antiprotease system by binding to proteinase inhibitor (serpin) family members. On the other hand, defensins might also exhibit anti-inflammatory activities by induction of the secretion of IL-10 [61] or SLPI [53] , or by facilitating the binding of microorganisms to epithelia with subsequent clearance of the microorganisms by a bactericidal activity of the cell.
It is also likely that antimicrobial peptides in the airway secretions modulate the cytokine profile of lymphocytes towards T helper type 1 or 2 cells. This could have a direct effect on the development of bronchial hyper-responsiveness. Additionally, defensins have been shown to release histamine from mast cells and might induce hyper-responsiveness by their cationic charge [62] . These experimental results do not draw a complete picture of the functions that antimicrobial peptides have in inflammatory or infectious disease; however, they indicate that they fulfil not only an epiphenomenal bystander role but are linked to the underlying pathogenetic processes.
Antimicrobial peptides as drugs
The intriguing idea of developing antimicrobial peptides as innovative antibiotics has been followed up by several biotechnological companies. With the use of protein-biochemical methods and recombinant DNA technology, the structures of naturally occurring peptides serve as starting points for the development of new drugs. Several derivatives of antimicrobial peptides have been through the pharmaceutical process, including human phase I-III studies. The use of human antimicrobial peptides as drugs is restricted so far by the still unknown biological function of these molecules and the high costs of the generation of sufficient amounts. On the basis of their functions that have been elucidated so far, antimicrobial peptides might not serve only as antibiotics, but also as modulators of inflammation or anti-LPS medication.
Concluding remarks
Antimicrobial peptides have emerged as effector substances of the innate immune system involving activities not only as endogenous antibiotics but also as mediators of inflammation. Several important topics will have to be addressed in the future:
1. The identification of novel antimicrobial peptides. It is likely that human families of antimicrobial peptides consist of multiple molecules. Progress in the Human Genome Project will also reveal ways of shortcutting conventional bioscreening procedures for the identification of host defense substances. 2. Analysis of the biologically relevant functions of antimicrobial peptides. Beside experiments in vitro that give the first molecular insight into the function of peptide antibiotics, a broader approach involving genetic animal models is necessary to interpret results in vitro in the context of a whole organism. 3. Evaluation of the function of antimicrobial peptides in airway (and other) diseases will provide insights into the corresponding pathogenesis. 4. Development of antimicrobial peptides as drugs.
Studying the biology of antimicrobial peptides might permit the development of novel therapeutics for infectious or inflammatory diseases. 
